Using theoretical quantum chemical methods, we investigate the dearth of ordered alloys involving thorium and titanium. Whereas both these elements are known to alloy very readily with various other elements, for example with oxygen, current experimental data suggests that Th and Ti do not alloy very readily with each other. In this work, we consider a variety of ordered alloys at varying stoichiometries involving these elements within the framework of density functional theory using the generalized gradient approximation for the exchange and correlation functional. By probing the energetics, electronic, phonon and elastic properties of these systems, we confirm the scarcity of ordered alloys involving Th and Ti, since for a variety of reasons many of the systems that we considered were found to be unfavorable. However, our investigations resulted in one plausible ordered structure: We propose ThTi 3 in the Cr 3 Si structure as a metastable ordered alloy.
I. INTRODUCTION
Thorium, a heavy metal, combined with various elements such as boron, carbon, nitrogen and oxygen has been studied both theoretically [1] [2] [3] and experimentally [4] [5] [6] in relation 2 to a range of physical, chemical, electronic, and thermophysical properties, often exhibiting high density, good thermal conductivity and good mechanical properties. The applications of Th-based alloys are wide-ranging. These include uses in nuclear reactors and in the aerospace industry because of its good corrosion resistant properties and high melting points. Th binary systems exist in various ordered alloys such thorium monocarbide (ThC), 7 mononitride (ThN) 8 and monoxide ThO. 9 ThO crystallizes in the rock salt structure, while ThO 2 crystallizes in the fluorite structure. ThB 4 10 and ThB 6 exist in the ThB 4 and CaB 6 structures.
Titanium, a relatively light metal is strong, has excellent corrosion resistant properties and a high melting point. Given its relatively small atomic size, Ti can be easily impregnated into materials without radically altering the host crystal structure. Therefore, Ti is a versatile element for alloying and modifying the properties -especially the strength properties -of materials. Applications range from additives in paints to metals for aerospace and industry. In this way, Ti is useful for engineering the properties of materials. Ti-based oxides are very well known, for example concluded that solid solubilities at room temperatures are negligible. They argued that since the atomic radii of Th and Ti differ by about 22%, and because the Hume-Rothery rules for alloying suggest that extensive solid solubility should not occur between metals differing in size by more than 15%, the dearth of compounds (ordered or not) should not be surprising. Furthermore, they argued that since there is a marginal difference in the electronegativity of these two elements (the electronegativities are 1.3 for Th and 1.5 for Ti), compound phases should not form readily.
Since the authoritative experimental work done on these systems is more than fifty years old, and given the technological interest in both Th and Ti, and the potential scientific and technological interest in alloys involving these elements, we have investigated these alloy systems using modern theoretical quantum chemical methods, which over the past two decades has proven to be an excellent tool to study such systems for a variety of material properties.
In the next section we present a brief description of our theoretical and computational methodology. In Section III, we present analysis on various ordered alloys of Th-Ti based systems with the aim of investigating their stability. In Section IV, an in-depth analysis of the bonding and electronic character of our proposed stable alloy is presented. Finally, we present our conclusions in Section V.
II. METHODOLOGY
All calculations were performed using density functional theory 13 as implemented in the VASP code. 14 We used the PBE 15 and PBEsol exchange-correlation functional 16 for the generalized gradient approximation (GGA). A kinetic energy cutoff of 500 eV was chosen to ensure adequately converged total energies for the alloy systems under consideration. A Monkhorst-Pack 17 grid of 12×12×12 was used to sample the Brillouin zone (BZ) and Methfessel-Paxton smearing 18 with a width of 0.2 eV was used to integrate the bands to the Fermi level. The total energy, electronic band structure and density of states (DOS) were calculated using the tetrahedron integration method with Blöchl corrections. 19 We tested our calculations with so-called Hubbard-U corrections of 1 eV for the onsite correlation energy, which for Th could in principle be important since it is an actinide. Our investigations showed that the differences in a range of results involving the physical structure, the electronic structure and the energetics over the conventional GGA approach were negligible. This, in hindsight, is not surprising since Th has a closed f-shell of electrons with no highly localized orbital.
All results subsequently presented have not included the Hubbard correction.
A method using the least-squares fit, 20 as implemented in the MedeA-MT module, was used to obtain the elastic constants. This method uses the tetrahedron method for the Brillouin zone integrations. The elastic properties are calculated from the Hill value which is a geometric mean of the Voigt and Reuss values. The eigenvalues of the stiffness matrix gives an indication of the mechanical stability of the systems under consideration. The Hill values were used in the estimation of longitudinal, shear and mean sound velocities, and the Debye temperatures. 21 The phonon dispersion curves and lattice dynamics were determined using linear response theory as implemented in the MedeA-PHONON package.
The heat of formation for each system was calculated by taking the difference between the total energy of the alloy unit cell and the sum of the energies of its constituents in their respective bulk elemental forms. The heat of formation of the system is strongly dependent on the spin-orbit coupling (SOC) due to the presence of relativistic effects in this heavy atomic systems.
Lu et al. 22 used the same method based on the elastic, valence charge density distribution and phonon dynamics to study ThN, which has been experimentally synthesized with an experimental lattice constant of 5.154 Å and bulk modulus of 175 GPa. This validates the approach used in this study. Therefore, we applied our methods to studies of pristine cubic Th and hexagonal Ti, and alloys of these elements in the Cr 3 Si, Cu 3 Au, Al 3 Ti, CsCl, CuAu, CuPt, and NiAs crystal forms.
For the off-50:50 compounds we considered both the alloy and its dual alloy, e.g. both Th 3 Ti and ThTi 3 in the Cr 3 Si structure.
III. INVESTIGATION OF STABILITY
The calculated elastic properties, phonon dispersion and heat of formation for thorium-titanium alloys is used to determine the elastically, dynamically and energetically stable alloys of Th-Ti based systems.
The GGA (PBEsol) exchange correlation functional is an improved functional that takes into account the interactions present in closely packed structures. Hence, it is largely used in this investigation to understand the properties of Th, Ti and Th-Ti based alloys. The results obtained using the GGA (PBEsol and PBE) for Th and Ti shows that the PBE 23 exchange-correlation functional gives a slightly improved description of the lattice constants for Th and Ti. But, there is no fundamental difference in the description of the electronic properties of Th-Ti based alloys except in the heat of formation were the PBEsol gives consistently lower heat of formation compared to the PBE functional. Hence the results presented for the elastic properties, the electronic properties and the phonon dispersion considers the non-magnetic (NM) structure of Th-Ti based alloys using PBEsol. However, the heat of formation is strongly dependent on the exchange correlation functional along with the presence of relativistic effects. Therefore, these issues are taken into account only for the proposed stable alloy.
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The calculated lattice parameter using GGA (PBEsol) with the NM structure for Th (face centered cubic structure) is 4.95 Å, and Ti (hexagonal close pack structure) are a of 2.90 Å and c of 4.59 Å. The inclusion of SOC leads to a slight change in the lattice parameters of these systems.
The calculated equilibrium lattice constants (a 0 ) for Th, Ti and Th-Ti based alloys is given in Ta The possibility of a magnetic ground state in Th-Ti based alloys is examined. For this purpose, the spin-polarized (SP) calculations, assuming an initial ferromagnetic ground state are carried out for the Th-Ti based alloys. We found that the ground state of all the Th-Ti based alloys considered is NM, without any localized atomic magnetic moments. The NM and SP calculations yield similar lattice parameters and lead to NM ground state structures for both PBE and PBEsol functionals.
Subsequently, the inclusion of relativistic effects leads to a slight (insignificant) change in the lattice constant and a (significant) change in the heat of formation compared to the NM and SP cases for both GGA (PBE and PBEsol) functionals. . 24 The systems that satisfy these criteria are elastically stable. However, this does not imply that such a system is dynamically stable. The negative elastic constant values for Th-Ti based alloy (in CuPt and NiAs structures) shows that these structures might be unstable because stability is related to sum rules. In 
B. Phonon dispersion
The phonon frequency of crystalline structures is one of the basic aspects when considering the phase stability, phase transformations, and the thermodynamics of these materials. The absence of imaginary (negative frequencies in the figures) frequencies in phonon dispersion curve and the phonon density of states give an indication that the structure is dynamically stable or vice versa.
The phonon frequency for various Th-Ti based alloys in the NM phase using PBEsol is presented in Fig. 1 . The use of PBE or PBEsol exchange correlation functional does not lead to a change in the lattice dynamics of these alloys. In Fig. 1a, 1b and 1c , the phonon plots of Th, Ti and ThTi 3 (in Cr 3 Si structure) are shown respectively. They possess no imaginary phonon frequencies mode.
Hence, they are structurally and thermodynamically stable. While, the other structures considered 7 have various degree of instabilities due to the presence of imaginary frequencies. The phonon frequencies for the unstable structures are presented for completeness. pressure of about 324.7 GPa is applied to the dynamically unstable structure to achieve a stable structure. Also Th 3 Ti alloy (in Al 3 Ti structure), a pressure of about -3.574 GPa was applied to the dynamically unstable structure to achieve a stable structure. The energies of formation of these pressure stabilized structures are positive and higher than that of ThTi 3 alloy (in Cr 3 Si structure).
Therefore, Th-Ti based alloys is most likely to be found as ThTi 3 (in Cr 3 Si structure) rather than the pressure stabilized structures.
The phonon dispersion of ThTi 3 alloy (in Cr 3 Si structure) has a splitting at Γ-point between the LO-TO, owing to the fact that Th atom is heavier than Ti atom. The low lying frequency modes are governed by the dynamics of heavy Th atoms, whereas the higher frequencies are governed by the dynamics of lighter Ti atoms.
C. Heat of formation
The Gibbs free energy of the various alloys is calculated. These calculations are performed at zero temperature and zero pressure, hence the Gibbs free energy reduces to the heat of formation,
∆H. The calculated heat of formation of the various alloys is investigated to determine its relative stability. Th and Ti metal are used as the reference systems to obtain the heat of formation for the alloys as described in the methodology. This is because they are the basic constituent of the alloy.
The heat of formation for all the structures are presented in Table I for the NM phase with PBEsol 9 pseudopotential. The structure with the lowest heat of formation for the investigated Th-Ti based alloys using the PBEsol (with NM) is ThTi (in CsCl structure). This structure is highly elastically and dynamically unstable. To accurately determine the total energy and the heat of formation for the stable alloys the inclusion of SOC is essential for these alloys. We calculated the heat of formation for ThTi 3 alloy (in Cr 3 Si structure) using the PBEsol functional with SOC to be 0.591 eV as listed in Table IV .
Our calculated heat of formation for the system using PBEsol with SOC is less than NM and SP methods. In addition, using PBE functional with NM, SP and SOC method this results in a greater heat of formation compared to PBEsol with SOC. Generally, the inclusion of SOC leads to an effective lowering of the heat of formation in the structure for both GGA (PBE and PBEsol)
functional.
The positive heat of formation of our system implies that the system will not occur spontaneously rather will require a positive energy input to create this alloy. The low value obtained for the heat of formation gives an indication that the formation of a metastable ordered alloy of Th and Ti is possible.
IV. THE PROPOSED METASTABLE ALLOY
The band structure, density of states, valence charge density distribution and electron localization function (ELF) [25] [26] [27] In Table IV , we present the GGA (PBE and PBEsol) results of the lattice parameter of the proposed metastable alloy. The difference in the lattice parameter obtained using PBE and PBEsol for the metastable system is about 1.6%. It should be mentioned here that ThTi 3 alloy (in Cr 3 Si structure) irrespective of the initial magnetic configuration gives a NM ground state as previously stated for all Th-Ti based alloys. This is corroborated by the insignificant difference in the lattice parameters between the NM, SP and SOC phase of the structure.
A. Band structure and partial density of states
In Fig. 3 , we present the calculated band structures for Th, Ti and ThTi 3 (in Cr 3 Si structure)
along the high symmetry lines of BZ, and this evidently shows that they are all metallic structures.
Th and Ti metals are comprised of two groups of bands with a huge difference of about 200%
between the Th and Ti valence bands. This difference in the valence bands suggests difficulty in bonding between these two metals. It is no surprise then that only one plausible structure is obtained from our investigation.
The band structure of ThTi 3 (in Cr 3 Si structure) consists of three isolated groups of valence bands with a slight energy dispersion E(k), which is typical of crystals with a relatively low degree of orbital hybridization. 28 The lowest group of band is from the Th s-orbital and is located around The effect Ti p-orbital is marginal in determining the metallicity of ThTi 3 (in Cr 3 Si structure).
Looking at the contribution from Th, the dominant state in the conduction band is the Th f-orbital and in the valence band is the Th d-orbital. The system is very sensitive to the concentration of Ti atoms due to its overall contribution in determining the metallicity of the alloy. Hence, the configuration and concentration of Ti atoms will overall determine the electronic nature of this alloy.
B. Valence charge density
The computed valence charge density for ThTi 3 alloy (in Cr 3 Si structure) is presented to elucidate the bonding character. In order to ascertain the presence of covalency in all of the bridge sites, we calculated the distribution of the ELF.
C. Electron localization function for ThTi 3 (in Cr 3 Si structure)
The ELF for the ground state bonding configuration of ThTi 3 alloy in (Cr 3 Si structure) is evaluated to gain further insight into its bonding character and nature. ELF is given as insight that the slight covalent character observed is from Ti atoms, which has a shared-electron pair. Hence, this particular crystal structure with more number of Ti atoms is stable compared to the corresponding structure (Th 3 Ti alloy in (Cr 3 Si structure) with more Th atoms.
Based on these observations, the ThTi 3 alloy in (Cr 3 Si structure) is predominantly metallic. 
V. CONCLUSIONS
This work is motivated by the usefulness of various alloys of Th and Ti, hence the search for the possibility of ordered alloys involving Th and Ti. We considered a number of different structures and stoichiometries involving these elements. A predicted metastable structure was established using arguments based on elastic constants, phonon frequencies, electron localization function, valence charge density, band structure, density of states and heat of formation.
The calculated phonon frequencies and elastic constants shows that ThTi 3 (in Cr 3 Si structure)
is dynamically stable at zero Kelvin and zero pressure as indicated by their positive values. This system using PBESol with the inclusion of SOC is energetically more favorable and gives an appropriate description with a heat of formation of 0.591 eV compared with to the other methods.
Though stabilization of some systems where achieved via pressure, the heat of formation of these systems are less favorable compared to ThTi 3 (in Cr 3 Si structure). We propose ThTi 3 (in Cr 3 Si structure) as a plausible metastable ordered alloy of Th-Ti based systems.
This should stimulate experimental efforts to synthesize this material.
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